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We present an S-band tunable loop gap resonator (LGR) providing strong, homogeneous,
and directionally uniform broadband microwave (MW) drive for nitrogen-vacancy (NV) en-
sembles. With 42 dBm of input power, the composite device provides drive field amplitudes
approaching 5 G over a circular area >∼ 50 mm2 or cylindrical volume >∼ 250 mm3. The
wide 80 MHz device bandwidth allows driving all eight NV Zeeman resonances for bias mag-
netic fields below 20 G. For pulsed applications the device realizes percent-scale microwave
drive inhomogeneity; we measure a fractional root-mean-square inhomogeneity σrms = 1.6%
and a peak-to-peak variation σpp = 3% over a circular area of 11 mm
2, and σrms = 3.2%
and σpp = 10.5% over a larger 32 mm
2 circular area. We demonstrate incident MW power
coupling to the LGR using multiple methodologies: a PCB-fabricated exciter antenna for
deployed compact bulk sensors and an inductive coupling coil suitable for microscope-style
imaging. The inductive coupling coil allows for approximately 2pi steradian combined optical
access above and below the device, ideal for envisioned and existing NV imaging and bulk
sensing applications.
I. INTRODUCTION
The nitrogen-vacancy (NV) defect center in diamond is
employed in a number of wide-ranging applications from
quantum information processing1,2 to tests of fundamen-
tal physics3,4 to quantum sensing and metrology. In par-
ticular, NV-based quantum sensors have demonstrated
utility in a broad variety of modalities, including mag-
netometry5, electrometry6,7, nanoscale NMR8–10, sin-
gle proton and single protein detection11,12, thermome-
try13,14, time-keeping15, and more16–18. Each of these
applications takes advantage of one or more principal
features of the NV center: all-optical initialization and
readout19,20, long coherence time under ambient condi-
tions21–24, nanoscale size25,26, or fixed crystallographic
axes27–29. However, with notably few exceptions30,31, all
NV applications rely on the ability to coherently manip-
ulate the NV ground-state spin via resonant microwave
(MW) driving. A number of these applications addition-
ally require generation of strong and uniform MW fields
over large areas (>∼ 10 mm2) or volumes (>∼ 30 mm3)32–36,
a difficult task that benefits significantly from improve-
ments to standard MW delivery methods. In this work,
we discuss the design considerations for a suitable MW
delivery mechanism, fabricate a hole-and-slot type loop
gap resonator (LGR), and evaluate its performance for
NV applications.
Multi-channel imagers and highly sensitive, single-
channel bulk sensors are two examples of application
modalities that benefit significantly from large detec-
tion areas and volumes, respectively. In the case of
multi-channel imagers, increasing the detection area ex-
tends the measurement field-of-view, whereas for bulk
sensors, increasing the detection volume can consider-
ably enhance measurement sensitivity. For example, the
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shot-noise-limited sensitivity of an NV magnetometer is
approximately given by5
η ≈ h¯
gsµB
1
C
√
βτ
1√
N
, (1)
where N is the number of NV sensors, τ is the duration
of the measurement, C is the measurement contrast, β
is the number of photons collected per NV per measure-
ment, µB is the Bohr magneton, gs ≈ 2 is the ground
state NV- Lande´ g-factor, and h¯ is the reduced Planck
constant. The magnetic sensitivity can be improved by
increasing N , achievable through higher NV density or
larger detection volumes. However, NV ensemble coher-
ence times, which limit the optimal measurement time τ ,
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FIG. 1. (Color online) Loop gap resonator and exciter
antenna board. (a) The metallic resonator employs a five-
loop four-gap architecture. Microwaves are coupled into the
LGR via the exciter antenna, which is fabricated on a printed
circuit board. (b) Line drawing of LGR. (c) Exciter an-
tenna. A feedline, 50:50 power splitter, and balun (balanced
unbalanced) feed the split ring resonator, which is coupled
to the LGR. All dimensions are in mm. Optional mounting
holes and radial access port for laser excitation are not shown.
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2depend inversely on NV density5. As a result, there is a
practical upper bound on the NV density after which fur-
ther sensitivity enhancements are attained by increasing
the detection volume. For application modalities such as
those discussed above, the MW field requires both high
power and uniformity in order to achieve high-fidelity
quantum state manipulation over the full measurement
region.
Standard approaches to applying MW drive to NV
ensembles or other solid state spin systems include
shorted coaxial loops36,37, microstrip waveguides38,39,
coplanar waveguides40, and other coaxial transmission
line approaches41. While such broadband approaches al-
low abitrary drive frequency, the lack of resonant en-
hancement forces a compromise between the volume
addressed (assuming a fixed homogeneity is required)
and MW field strength, denoted B1. Planar lumped-
element resonators such as split-ring resonators39,42,
planar-ring resonators43,44, omega resonators44–47, and
patch antennas39 forego the flexibility of broadband so-
lutions in favor of resonantly enhanced magnetic fields,
thus enabling MW driving over larger regions. For ex-
ample, the split-ring resonator presented by Bayat et al.
achieves a MW field strength of B1 = 5.6 G and a frac-
tional root-mean-square inhomogeneity of σrms ≈ 4.4%
over a ∼ 1 mm2 area42. However, such planar struc-
tures are ill-suited to providing good B1 homogeneity
away from the plane of fabrication. The community
has addressed this shortcoming by employing a variety
of three-dimensional resonators. Enclosed metallic cav-
ity resonators48, enclosed dielectric resonators49–51, open
dielectric resonators52, and certain three-dimensional
lumped element resonators53 all allow for good homo-
geneity over large volumes but unfortunately offer little
to no optical access. As all-optical initialization and read-
out is a primary benefit for many solid-state spin systems,
including NV-diamond54, such a trade-off is incompatible
with many existing and envisioned applications55.
To address this current shortcoming we present a
three-dimensional tunable loop gap resonator. The de-
sign is based on the anode block of a hole-and-slot-type
cavity magnetron and, similar to certain devices dis-
cussed above, utilizes resonant enhancement to achieve
the desired MW drive strengths over large areas (>50
mm2) or volumes (>250 mm3). The design has an open
geometry; for interrogation volumes centered within the
LGR, approximately half of the 4pi solid angle remains
optically accessible. Importantly, for currently semi-
standardized commercial diamond plates (2-4.5 mm side
lengths with 0.5 mm thickness) this solution allows max-
imal access to the diamond’s large front and back faces.
The open access, good homogeneity, and high B1 fields
over the 8 mm diameter by 5 mm thickness cylindri-
cal volume make the device well-suited both for wide-
field magnetic imaging—applicable to studies of living
systems14,16,32,56, early earth rocks or meteorites33,34,
single cells57, electronic devices58, etc.—and for single-
channel bulk sensing16,35,36,59,60 targeting geosurveying,
magnetic anomaly detection, space weather monitoring,
etc.
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FIG. 2. (Color online) Frequency tuning and impedance
matching of LGR composite device. (a) The resonant
frequency f0 is adjusted by translating the sapphire shims in
the four capacitive gaps. In the absence of a stub tuner, the
LGR composite device exhibits S11 values between -10 and -20
dB from 2.5 to 3.5 GHz, indicating >∼90% of power delivered
to the LGR composite device contributes to B1 in this range.
(b) Nearly perfect critical coupling can be achieved with a
stub tuner, allowing practically all incident MW power to
contribute to B1.
II. LOOP GAP RESONATOR DESIGN AND
FABRICATION
A standard hole-and-slot LGR with n outer loops may
be approximated as n coupled LC resonators oscillating
in tandem61. Circulating currents around the central and
outer loops create a total inductance L, given by61–63
L ≈ LcnLo
nLo + Lc
, (2)
where Lc and Lo denote the inductance of the central
loop and of a single outer loop, respectively. Similarly,
the n narrow capacitive gaps create a total capacitance
C, which is given by61–63
C ≈ r0A
nd
, (3)
where A and d are the capacitive gap side wall area and
separation, respectively. The resonant frequency of the
LGR is therefore given by
f0 =
1
2pi
√
LC
. (4)
In practice, the central loop diameter is set to ∼5-10
mm, corresponding to the typical size of a diamond plate,
whereas d is limited by practical machining tolerances
and r by physically available materials. The capacitive
gap area A is constrained by the dual LGR design objec-
tives of (i) maintaining optical accessibility, which limits
the thickness of the LGR device, and (ii) bounding f0
above the target resonant frequency in order to allow for
further tuning via shims (discussed below). Additionally,
while increasing the number n of loops and gaps can im-
prove B1 uniformity
64, this approach results in a denser
mode spectrum62 and increases the likelihood of cross-
mode excitations deleteriously altering the field distribu-
tion within the central loop. As a compromise, our design
employs n = 4 outer loops [Fig. 1(b)], thus allowing for
3sufficient uniformity while locating the closest eigenmode
more than 1.5 GHz below the TE01 eigenmode.
The LGR detailed in this work consists of a central loop
of radius rc = 4 mm surrounded by n = 4 symmetrically
arranged outer loops of radius ro = 3 mm, as shown
in Fig. 1(b). The outer loops return magnetic flux to
the central loop and therefore oscillate antisymmetrically
with the central loop (180◦ out of phase). The side walls
of the capacitive gaps are separated by d = 260 µm.
With these dimensions, Eqns. 2 and 3 predict L = 8.7 nH
and C = 0.17 pF respectively, resulting in an expected
resonant frequency for the naked air-gapped LGR of f0 =
4.1 GHz, approximately 1.2 GHz above the NV resonance
frequencies. For comparison, the measured f0 for the air-
gapped resonator is in the 4.6-4.9 GHz range.
The LGR resonant frequency f0 is additionally tuned
by inserting and translating dielectric shims in the LGR’s
capacitive gaps, thereby increasing total capacitance C
until f0 overlaps the NV resonance frequencies as de-
sired. As shimming material, we employ 200 µm thick C-
plane sapphire, which is commercially available in semi-
conductor grade 50.8 mm diameter wafers, can be cut
on standard wafer dicing saws, has a high relative per-
mittivity of r = 11.5 parallel to the C-plane
65 (allowing
for a large tuning of f0), and exhibits low dielectric loss
(Tan δ < .0001 at 3 GHz65,66). The sapphire shims are
cut to lengths longer than the lc = 4 mm radial length
of the capacitive gaps and wedged into the n = 4 ca-
pacitive gaps with teflon thread tape. These sapphire
shims are then translated radially until the desired value
of f0 is attained. The shims are always positioned so
that excess shim length extends into the outer rather
than the central loop, in order to minimally perturb the
central loop B1 field. Simulations further suggest that
radially symmetric shim configurations produce the best
B1 field homegoneity, as asymmetries in shim placement
perturb the desired TE01 field distribution. Insertion and
removal of diamonds in the LGR composite device typ-
ically leaves f0 unchanged, as the large electric fields of
the TE01 mode are predominantly confined to the capac-
itive gaps (see Appendix B 2).
The LGR is fabricated via wire electron discharge ma-
chining, which is well-suited for producing the tight tol-
erances and vertical side walls required for the narrow
d = 260 µm capacitive gaps. A titanium alloy (Ti-6Al-
4V) was chosen as the resonator cavity material. The
lower conductivity of this alloy compared to that of cop-
per (σTi = 5.7± 0.1× 105 S/m vs. σCu = 5.9× 107 S/m)
allows for a broader resonance with a 3dB bandwidth
∆3dB = 80 MHz, sufficient to address all eight NV reso-
nances for bias magnetic fields B0 up to ∼20 G. This 80
MHz bandwidth corresponds to a loaded quality factor
QL ≡ f0/∆3dB ≈ 36 when the LGR is critically coupled
to the driving source. The LGR may be optionally fit
with a radial access hole (for laser excitation of the NV
ensemble) and three #2-56 mounting holes, which affix
the LGR to an exciter antenna, discussed next.
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FIG. 3. (Color online) LGR driving of an NV ensem-
ble. (a) NV electron spin resonance spectrum (—) under
application of bias field B0. The bias field allows individual
addressing of all eight NV resonances, arising from the com-
bination of the two allowed magnetic dipole transitions with
the four possible NV orientations. The NV hyperfine struc-
ture is obscured by MW power broadening and the contrast
variation between the NV resonances is attributed primarily
to the S11 line-shape. The S11 parameter is shown before (-
- -) and after (- - -) shifting the LGR resonant frequency f0
to the target NV resonance. Arrows indicate corresponding y
axes. (b) Typical data depicting Rabi oscillations under MW
excitation at the target NV resonance frequency indicated in
(a). Data (◦) is fit (—) to an exponentially decaying sinusoid.
III. LOOP GAP RESONATOR COUPLING AND
EXCITER ANTENNA BOARD
Incident MW power P is inductively coupled into the
LGR by an exciter antenna, composed of a split ring res-
onator that is differentially driven by a microstrip balun,
as shown in Fig. 1(c). The differential driving mitigates
common-mode noise on the two traces, which might oth-
erwise couple to the split-ring resonator. Although the
microstrip balun is designed to match the feed-line and
the split ring component of the exciter antenna at fre-
quencies near 2.87 GHz, good matching is achieved from
2.5 GHz to 3.5 GHz as well. For drive frequencies be-
tween 2.5 and 3.5 GHz, the exciter antenna board cou-
ples more than 90% of incident MW power into the LGR,
as shown in Fig. 2(a). For a specific fixed frequency, the
impedance matching may be further optimized by insert-
ing a stub tuner between the MW source and the exciter
antenna board, as shown in Fig. 2(b).
A via shield along a portion of the balun helps reduce
interference and cross-talk between traces, controls the
trace impedance, and reduces radiative losses along the
balun’s pi-phase delay arm. The exciter antenna is fab-
ricated from 1 oz. copper trace with immersion silver
finish on 1.524 mm thick dielectric (Rogers, RO4350B).
Although the proximity of the split ring resonator per-
turbs the field distribution inside the LGR, both simula-
tions and measurements suggest this effect is small and
not the dominant inhomogeneity source (see Section IV).
For applications intolerant of such perturbations or those
requiring maximal diamond optical access, we achieved
similar success inductively coupling a small coil of ra-
dius ≈ ro to one of the outer loops67, where the coil is
translated (via mechanical stage) until the desired cou-
pling is achieved. We expect this coupling method to be
particularly suitable for laboratory or clinical imaging
applications.
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FIG. 4. (Color online) B1 field uniformity of LGR com-
posite device. (a) An NV-containing 4.5 mm × 4.5 mm
diamond plate is placed in the LGR central loop, and the
Rabi frequency is measured where indicated (•,•,•,•) to char-
acterize B1. (b) Simulations suggest the B1 field distribution
should be approximately radially symmetric, with the leading
order deviation resulting from the exciter antenna. Dashed
lines indicate the 32 mm2 and 11 mm2 areas within which the
B1 field uniformity is evaluated. (c) B1 field measurements
(◦,◦,◦,◦) at the points depicted in (a) and simulations (–,–,–
,–) along each locus of points are in good agreement. Error
bars indicate 1-sigma uncertainty for the B1 measurement.
Dashed lines indicate the radial boundaries of the 32 mm2
and 11 mm2 areas over which B1 field uniformity is evalu-
ated. The measured B1 uniformity is given for each area.
IV. LOOP GAP RESONATOR PERFORMANCE
The strength and homogeneity of B1 within the LGR
central loop is evaluated employing standard NV tech-
niques, as described in detail in Ref.68 and elsewhere69,70.
A {100}-cut diamond plate containing ∼ 1 × 1014
NV/cm3 is mounted at the center of the LGR with the
<100> crystallographic axis collinear with the LGR axis.
A rare earth magnet creates a static magnetic bias field
B0, which shifts the energies of the ms = ±1 ground-
state Zeeman sublevels. The energy shifts are given to
first order by5
∆E ≈ gsµBms ~B0 · nˆi, (5)
where nˆi denotes a unit vector oriented along one of the
four diamond crystallographic axes. By judicious choice
of ~B0, all eight energy levels and associated ms = 0↔
ms =±1 magnetic dipole transitions can be isolated as
shown in Fig. 3(a). The resonator is tuned to excite a sin-
gle NV transition, yielding Rabi oscillations [Fig. 3(b)].
The data is fit to an exponentially decaying sinusoid in
order to extract the Rabi frequency ΩR, from which the
magnitude of B1 can be calculated as
B1 =
√
3
h¯ΩR
gsµB
. (6)
In this geometry, the B1 field is oriented along the [100]
crystallographic axis of the diamond, degenerately offset
from all four NV axis orientations by half the tetrahedral
bond angle θtet/2 = ArcCos
1√
3
≈ 54◦. NV Rabi oscilla-
tions are driven by the B1 field component transverse to
the NV symmetry axis, reducing the Rabi frequency by√
2/343. Accounting for the rotating wave approxima-
tion introduces another factor of 1/
√
2, resulting in the
conversion factor
√
3 in Eq. 6. To ensure ~B0 is consistent
for all measurements across the LGR central loop [Fig.
4(a)], the confocal excitation volume is held fixed with
respect to the B0-generating permanent magnet, and the
diamond and LGR composite device are translated to-
gether. We employ a long working distance objective
(Mitutoyo 378-803-3, M Plan Apo 10× NA=0.28) to col-
lect the NV fluorescence; the 34 mm working distance is
necessary to minimize perturbation of the B1 field by the
metal objective housing. Future NV wide-field imaging
applications may require ceramic-tipped objectives.
Application of incident MW power P ≈ 42 dBm yields
an axially oriented B1 at the center of the LGR with mag-
nitude 4.7 G. The corresponding Rabi frequency ΩR =
2pi×7.7 MHz for NV centers oriented at half the tetrahe-
dral bond angle relative to the LGR axis. Qualitatively,
as shown in Fig. 4(c), B1 displays a minimum at the
LGR center, increases in magnitude with increasing ra-
dial displacement from the center, and is approximately
radially symmetric. The best homogeneity is therefore
expected at the LGR center.
The B1 field uniformity is quantitatively character-
ized using both the fractional root-mean-square inhomo-
geneity σrms and the fractional peak-to-peak variation
σpp =
[
Bmax1 −Bmin1
]
/Baverage1 . The use of both metrics
facilitates comparison with alternative existing designs.
Over a 32 mm2 circular area axially centered in the LGR
central loop, we observe σrms=3.2% and σpp=10.5%, as
shown in Fig. 4(c). Over a smaller 11 mm2 circular area,
we observe σrms=1.6% and σpp=3%.
The LGR performance is modeled using a commercial
finite element MW simulation package (Ansys, HFSS).
Simulations include the exciter antenna board, which
causes a small perturbation to the otherwise radially
symmetric field [Fig. 4(b)]. The simulation predicts
B1 ≈ 4.8 G at the LGR center with incident MW power
P = 42 dBm. Within a 32 mm2 circular area centered in
the LGR central loop, simulations indicate σrms = 3.8%
and σpp = 11%, whereas in a smaller 11 mm
2 circular
area, simulations indicate σrms=1% and σpp=2%. These
simulation results are in good agreement with the mea-
surements above.
As a three-dimensional cavity resonator, the LGR pro-
vides better axial field uniformity than planar-only ge-
ometries50,52,53. For example, for a 3.14 mm3 cylindrical
volume (1 mm radius disk with 1 mm thickness), simula-
tions yield σrms = 0.8%, σpp = 3.7% and an average B1
of 4.8 G (see Appendix B 3).
V. DISCUSSION
The device presented here exhibits further benefits
which we now discuss, along with extensions tailored for
specific applications. For example, for ubiquitously em-
ployed pulsed measurement protocols, a short ring-down
5time τring (i.e., B1 field 1/e decay time) is necessary for
high-fidelity pulse shape control. Although techniques to
compensate for long ring-down times are effective71–73,
shorter native values of τring are nonetheless generally de-
sired74,75. The observed loaded quality factor QL = 36
corresponds to a ring-down time of τring = 4 ns (see Ap-
pendix B), making the device suitable for standard pulsed
protocols76,77.
Due to square-root scaling of B1 with incident MW
power (B1 ∝
√
P ), higher power handling can allow for
stronger B1 fields. The non-planar resonator design al-
lows for otherwise higher incident MW powers as currents
circulate over an extended 2D surface (versus the 1D edge
for a planar structure). Further, the metallic LGR ther-
mal mass and thermal conductivity allow efficient heat
transfer and sinking, resulting in improved device sta-
bility and power handling. Although the latter was not
tested, the LGR composite device is expected to allow >
100 W for CW and pulsed operation, limited by dielectric
breakdown of air in the 260 µm capacitive gaps. Should
available MW power be constrained, stronger B1 can be
achieved by fabricating the LGR from a more electrically
conductive material (e.g. silver or copper) at the expense
of bandwidth. In such circumstances, the bandwidth can
be continuously adjusted above its minimum value by
over-coupling the resonator (at the expense of reduced
QL).
While the presented LGR is 5 mm thick, the funda-
mental hole-and-slot approach is expected to be feasi-
ble for a variety of thicknesses. A thicker device will
provide better field uniformity at the expense of optical
access. In contrast, for applications requiring MW deliv-
ery over a thin planar volume, we expect the LGR can
be fabricated via deposition on an appropriate insulat-
ing substrate, as discussed in Refs.44,78. We have found
semi-insulating silicon carbide29 suitable due to the ma-
terial’s high thermal conductivity (≈490 W/(m*K)79,80,
high Young’s modulus, moderate cost and wide avail-
ability in semi-conductor grade wafers. Our simulations
suggest the planar LGR approach can offer modest im-
provements in B1 homogeneity over split ring resonators.
Although the exciter antenna (see Section III) facil-
itates a compact, vibration-resistant, and portable de-
vice, this component introduces non-idealities in both
field uniformity and optical access. As similar scattering
parameters are obtained by inductively coupling a small
coil to one of the LGR outer loops, this latter solution
may find favor for applications requiring maximal optical
access and, furthermore, requires no PCB fabrication.
In this work, we demonstrated a broadband tunable
LGR allowing appplication of strong homogeneous MW
fields to an NV ensemble. The LGR demonstrates a
dramatic improvement over prior MW delivery mecha-
nisms, both improving on and spatially extending MW
field homogeneities. We expect the device to be useful for
bulk sensing16,35,36,59,60 and particularly imaging appli-
cations16,32–34,57,81,82, due to the optical access allowed
by the LGR composite device both above and below the
diamond.
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Appendix A: Appendix A
1. The NV Center in Magnetometry
The negatively-charged NV color center (NV-) is a
deep band gap impurity within the diamond crystal lat-
tice [Fig. A.1(a)]. The point defect’s C3v symmetry re-
sults in a 3A2 spin-triplet ground state and a
3E spin-
triplet excited state, separated by a zero phonon line
(ZPL) of 637 nm83. Spin-spin interactions give rise to a
zero-field splitting in the ground-state spin triplet, shift-
ing the ms = ±1 states with respect to the ms = 0 state
by Dgs ≈ 2.87 GHz [Fig. A.1(b)]. In the presence of a
static magnetic field B0, the ms = ±1 sublevels experi-
ence Zeeman splitting proportional to the projection of
the magnetic field along the NV symmetry axis. Above-
band optical excitation (typically performed with a 532-
nm laser) results in phononic relaxation of the NV spin
within the 3E excited state, followed by fluorescent emis-
sion in a broad band. While these optical transitions
are generally spin-preserving, an alternate decay path
through a pair of metastable singlet states (1A1 and
1E)
results preferential relaxation from the ms = ±1 excited
states to the ms = 0 ground state that is non-radiative in
the typical 637−800 nm fluorescence band. This behavior
under optical excitation has two major consequences: (1)
an optical means of polarizing the NV spin, and (2) op-
tical detection via spin-state-dependent fluorescence in-
tensity.
Measurement of the NV electron spin resonance (ESR)
spectrum can be performed by sweeping the carrier fre-
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FIG. B.1. (Color online) Simulated electric field magni-
tude E in vicinity of LGR capacitive gap. Inset depicts
the electic field magnitude E as a function of distance from the
capacitive gap with x′ = 0 mm corresponding to the plane of
the central loop-gap interface. Observed subfeatures between
-0.3 mm and 0.2 mm arise from fringing fields, and are com-
plicated by the 260 µm gap only being partially filled by the
200 µm thick sapphire.
quency of the MW drive field and monitoring NV fluo-
rescence in the visible band. Generally, the continuous
optical excitation pumps the NV spin population into the
more fluorescent ms = 0 state; however, when the carrier
frequency is resonant with an NV spin transition, the NV
spin population is cycled into an ms = ±1 state, causing
decreased fluorescence intensity, which appears as a dip
in the ESR spectrum84,85. Since the NV symmetry axis
may be aligned along one of four possible crystal-defined
orientations—each orientation being equally thermody-
namically likely in low strain diamond—the ESR spec-
trum can contain up to eight distinct non-degenerate NV
resonances, which probe different field components. The
different orientations act as basis vectors, which collec-
tively span the space and allow the total vector field to
be reconstructed84.
Appendix B: Appendix B
1. Cavity Ring-down Time
The 1/e cavity ring down time of the B1 field is
74,75
τring =
Q
pif0
. (B.1)
At critical coupling Q = QL = 36, yielding τring = 4 ns.
2. Electric Field Simulation
Ideally, the electric fields of the TE01 cavity mode are
completely confined within the LGR capacitive gaps, en-
suring that f0 remains constant when differently-sized
diamonds are placed within the central loop. In prac-
tice, fringing electric fields from the capacitive gaps ex-
tend partially into the LGR’s central loop as shown in
Fig. B.1. However, at distances > 1 mm from the ca-
pacitive gaps, the electric field magnitude E is decreased
by > 10× from the peak field inside the capacitive gap.
Consequently, insertion of a diamond (with r ≈ 5.7 at 3
GHz86) beyond this region has little if any effect on the
LGR resonant frequency f0.
3. Axial Field Uniformity
Figure B.2 plots the simulated magnitude of B1 along
the LGR’s symmetry axis, illustrating the improved ax-
ial field uniformity possible with three-dimensional cavity
resonators50,52,53, compared to that of planar-only ge-
ometries. The presence of the split ring resonator at
z = 4.024 mm perturbs B1 inside the LGR, shifting
the point of maximal B1 down by 0.4 mm, away from
the split ring resonator. Within a cylindrical volume of
3.14 mm3 (1 mm radius and 1 mm thickness), centered
around the point of maximal B1, the simulation predicts
σrms = 0.78% and σpp = 3.7%. For a larger cylindri-
cal volume of 12.6 mm3 (2 mm radius and 1 mm thick-
ness), the simulation predicts σrms = 2% and σpp = 8%.
These dimensions are comparable to those of commer-
cially available single-crystal diamonds.
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FIG. B.2. (Color online) Simulated B1 field along LGR
symmetry axis. The symmetry plane of the LGR is located
at z = 0 mm. The edges of the LGR are at z = ±2.5 mm,
and the split-ring resonator is located at position z = 4.0
mm. The presence of the split-ring resonator shifts the point
of maximal B1 off center to z0 = −0.4 mm.
4. Smaller Cavity Measurement
To achieve stronger MW driving, we also designed and
fabricated smaller LGR with central loop radius rc = 2.5
mm and n = 4 outer loops of radius r0 = 2.45 mm,
as shown in Fig. B.3(a). The naked air-gapped LGR
cavity exhibits f0 = 4.5 GHz, similar to the larger LGR
design described in the main text. Employing the same
exciter antenna from Section III, we measure B1 = 5.8 G
at the center of the smaller LGR device. Figure B.3(b)
depicts S11 for the composite device; the measured 3dB
bandwidth ∆3dB = 113 MHz corresponds to a loaded
quality factor QL = 25, and an associated ring-down
time of 2.8 ns.
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FIG. B.3. (Color online) Smaller LGR design. (a) Line
drawing of smaller LGR with central loop radius rc = 2.5 mm
as described in Section B 4. Units are in mm. (b) Measured
S11 for composite device tuned to f0 ≈ 2.87 GHz.
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